Many manifestations of genomic instability have been described. One of the most well characterized is chromosomal instability, characterized by the de novo appearance of aberrations in the descendants of cells surviving high LET radiation (Kadhim et al, 1992 , Sabatier et al, 1992 Martins et al, 1993) and low LET radiation (Weissenborn and Streffer, 1991; Holmberg et al, 1993; Marder and Morgan, 1993; Kadhim et al., 1995) . Two major types of chromosomal instability are known which may well have different underlying mechanisms. One type is characterized by the de novo appearance in surviving progeny of aberrations which are often lethal, therefore they cannot have been carried by the surviving cells (Kadhim et al, 1992) . Non-clonality (i.e. the de novo appearance of different chromosomal abnormalities in only some of the clonal descendents of an irradiated progenitor) is a feature of the instability described by this group. Since the instability is non-clonal and the aberrations are lethal, it is hard to explain the effect as due to a repair or other defect carried by the cell since irradiation, as that should manifest in all the clonal progeny of an affected cell and not just some of them. It should be absent in clonal progeny descended from cells which did not sustain the repair defect at the time of irradiation. The other type of chromosomal instability is clonal and the aberrations are not usually lethal, but may arise as a result of complex rearrangements occurring at a high rate postirradiation in the surviving cells (Holmberg et al., 1993; Morgan and Marder, 1993) . This type of instability may well involve a repair defect or other mutation introduced at the time of irradiation which leads to an inappropriate response to cellular damage. Gene amplification and microsatellite instability, which have been well characterized in the context of their relationship to carcinogenesis, probably contribute to this type of chromosomal instability effect (reviewed in Cheng and Loeb, 1997) . Discussion of these instabilities has been reviewed recently (Morgan et al., 1996; Kasten, 1997) and is outside the scope of this commentary, which will mainly be confined to the non-clonal delayed effects of radiation. A major challenge in the chromosomal instability field is to define the mechanisms involved and a probable cause of the difficulty of doing this could be the perception that the different types of chromosomal instability involve similar mechanisms.
A second major end-point of genomic instability is the finding of non-lethal mutations (mainly point mutations or minor genomic changes) at high frequency in progeny surviving ionizing and UV irradiation and chemicals (Stamato et al., 1987; Little et al, 1990; Caron et al, 1997; Colucci et al., 1997; Little et al., 1997) . The damage in these cases is again non-clonal and widespread. A third end-point (which is still disputed by some authors) is lethal mutation, also referred to as delayed death or delayed reproductive death. This effect is also detected at high frequency and is non-clonal (Seymour et al., 1986; Gorgojo and Little, 1988; Mendonca et al., 1989; Seymour and Mothersill, 1992; Brown and Trott, 1994) . 'Lethal mutations' were first detected by Seymour et al. (1986) as a persistent reduction in cloning efficiency of irradiated survivors. The term attracted much controversy, as the link between reduced cloning efficiency and lethal mutation was not readily appreciated. Terms such as 'delayed death' or 'delayed reproductive death' were preferred. However, Tikvah Alper, who coined the term in the 1986 paper (Seymour et al., 1986) , always claimed that if a cell was able to undergo normal divisions for several generations post-irradiation and then suddenly failed to divide normally it had, by definition, undergone a 'lethal mutation'. It is still difficult to dispute this logic, although modern concepts of epigenetic control of apoptosis may provide an alternative mechanistic framework (Lynch etal, 1986; Raff, 1992; Ishizaki etal, 1994; Mothersill and Seymour, 1997c) . Delayed apoptosis does appear to be a significant cause of delayed death (Lyng et al., 1996) . A further problem people have with lethal mutations in the context of genomic instability is that if the cell dies then the effect is of no consequence for carcinogenesis. A major aim of this commentary is to put forward the view that death of genomically unstable cells may actually be an active and carefully controlled protective mechanism ridding the tissue of potentially initiated surviving progeny. Even if 'lethal mutations' are just that, the lethal end of a spectrum of delayed cellular mutations, then it is important to quantify them and determine any dose-response effect or temporal relationship to the non-lethal and potentially carcinogenic subset of delayed mutations or chromosomal instabilities.
All of the end-points described above are detected for several generations following irradiation or exposure to a given DNA damaging agent, but vary in yield and persistence with cell line or genotype. Many of the experiments conducted do not show any dose-response relationship, i.e. the effect is maximally expressed at the lowest dose tested. (Seymour et al., 1986; Mothersill and Seymour, 1987; Born and Trott, 1988; Brown and Trott, 1994; O'Reilly et al, 1994; Kadhim et al, 1995 Kadhim et al, , 1998 Manti et al, 1997; Morgan et al, 1996; Watson et al, 1997) . The accumulation of data from different cell lines and genetic strains is still at an early stage and spread among several laboratories, so that no clear idea of the factors underlying the variation has yet been achieved. What is clear is that in some situations the effect is observed as a 'permanent' change resulting in a constant yield of defective cells per cell population doubling (in one case in our own laboratory for at least 400 generations), while in other situations the yield of defective cells appears to peak and then gradually disappear by ~50 cell generations post-exposure (Little et al, 1997) . In practical biological terms it is unlikely that many cells in the body would have to undergo >50 doublings, therefore the change may probably be regarded as biologically or effectively permanent. In the limited instances where several cell lines have been studied in the same laboratory, these differences can be shown to be real and not due to handling or experimental variation (Jamali and Trott, 1996; Mothersill and Seymour, 1997a; Kadhim et al, 1998) .
A major area of interest for radiation protection is the interrelationships if any between different end-points, particularly death and non-lethal but possibly cancer facilitating mutation. Limoli et al. (1997) recently published a paper in which they compared the yield of different end-points and showed a strong correlation between delayed death and chromosomal instability. Despite the correlation, however, they stress that there are caveats to calling different end-points equivalent (i.e. manifestations of similar processes). Others have challenged the relevance, in particular, of delayed death/ lethal mutations (the terms are used synonymously) to chromosomal instability (Chang and Little, 1992) . This is perhaps because lethal mutations are often measured as reduced plating efficiency. The question has been raised that they represent some sort of in vitro failure to plate and are not therefore of in vivo relevance. Another objection to their relevance is that as they are a measure of death, the affected cells are removed and cannot directly influence carcinogenesis. A number of important points arise from this concerning the nature of the 'lethal mutation' lesion. Lethal mutations show the same type of non-clonal high frequency delayed expression as the other end-points, such as micronucleus formation, although yields may differ (O'Reilly et al, 1994; Jamali and Trott, 1996; Manti et al, 1997) . They can be detected in growth curve experiments as apparently longer cell population doubling times, which, when corrected for the contribution of nonviable cells, can be shown to be due to division failure. Since growth curve experiment data are generated by counting the number of cells present in replicate flasks on a daily basis, the exponential region of the curve gives a measure of the population doubling time which does not involve failure to plate as a factor. The curves generated from flasks irradiated initially can be shown to deviate from the control with a constant and significantly different slope. Correction of the growth curve for non-viable cells generates a growth curve parallel to but several cell divisions behind the control. This implies that lethal mutations are not due to failure to plate but represent true loss of clonogenicity/viability during the cell division cycle (Seymour and Mothersill, 1988, 1992; O'Reilly et al, 1994) . Another source of confusion is the frequent references in the recent literature to the first demonstration of reduced plating efficiency after irradiation. This was by Sinclair (1964) . His paper was followed by work from Nias et al. (1965) , Grote et al (1981) and Beer and Szumiel (1994) , showing reduced colony sizes following irradiation, but the effect was regarded as due to longer cell cycle times and reduced cell 'fitness' as a result of residual damage which had been induced at the time of irradiation. The Sinclair effect was also only associated with very high doses, ~15 Gy. The other groups also worked with very high radiation doses, where 20-40% of clones were slow growing and the slow growth was characteristic of the colony from the time of irradiation (Sinclair, 1964) . That means that it was a clonal effect and clearly unrelated to the lethal mutation effect, which is random, non-clonal and found predominantly at low doses in almost all surviving clones. When isolated, clones from low dose irradiated 'lethal mutation' experiments appear to be normal and healthy, but on propagation they all show higher than expected levels of division failure (Seymour and Mothersill, 1992) . Bom and Trott (1988) , in a paper published soon after the Seymour et al. (1986) paper, state that they saw 'no reason to abandon the long-held theory that a cell which is able to form a colony has survived the radiation injury to its cellular constituents and it has, as has its progeny, a proliferative potential not significantly different from an unirradiated cell'. Now, however, the early demonstration of reduced plating efficiency following irradiation found by Sinclair in 1964 is cited as evidence that the plating efficiency/ lethal mutation effect is somehow different from the genomic instability end-points, that it is inconsequential and has been known for years. In fact, the concept of a non-clonal delayed effect of radiation occurring de novo in normally dividing and apparently fit cells was not suggested until the paper by Seymour et al. (1986) and was highly controversial at that time. This paper documented the production by normal survivors of healthy clonal progeny which were prone to persistent lethal mutations occurring in a non-clonal manner for many generations. It was not really accepted until the paper by Kadhim et al. (1992) showed that actual chromosomal aberrations which were lethal could be shown to occur de novo in healthy surviving bone marrow stem cells following a-irradiation. It is logical to assume that at least some of the 'lethal mutation' lesions are due to the occurrence of lethal chromosomal aberrations incompatible with further division of the cell. This would mean that 'lethal mutations' and 'chromosomal instability' are different measures of essentially the same phenomenon. However, measurements of delayed lethal chromosomal aberrations per cell are far lower than measurements of delayed cell death per cell (Kadhim et al, 1992; Jamali and Trott, 1*996; Manti et al, 1997) and much of the lethal mutation type of death is apoptotic (Kadhim et al, 1995; Jamali and Trott, 1996; Lyng et al, 1996) . This would suggest that lethal mutations encompass all types of cell death, including death due to chromosome aberrations and rearrangements, and that within the whole set of lethal mutations there is a subset of induced apoptotic death. An interesting possibility is that part of the delayed cell death is 
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t of apoptosis siioset of chrom aberra therefore an active response to damage in critical cell functions which triggers the protective (in terms of tissue integrity) pathway of programmed cell death. We have coined the term 'wrasse mechanism', alluding to the cleansing duties performed by wrasse for bigger fish, to describe this protective or salvaging role for lethal mutations, which, perhaps, cleanses the genome of damage. A protective role for some but not all of the lethal delayed effects does not prove the phenomena are related, but makes biological sense. Unfortunately, it is difficult to see how this issue can be easily resolved. It may be necessary to identify cell lines or culture conditions or generate mutants which are unstable but have no delayed death, or vice versa. Figure 1 shows in schematic form the two concepts of the possible relationship between lethal mutations and genomic instability. Concept 1 suggests that the two major instability effects of death or survival with damage are separate and competing, while concept 2 suggests that death end-points are merely a lethal subset of non-lethal delayed effects. The relationship between chromosomal instability, which may be a gross and lethal alteration in DNA structure, lethal mutations, which may sometimes be expressed as apoptosis, and the non-lethal type of mutations detected by our own and Little's group is more difficult to reconcile (Caron et al., 1997; Little et al, 1997; Mothersill and Seymour, 1997a) . It could of course be argued that lethal mutations/gross chromosomal aberrations represent the lethal end of a spectrum of mutations. Evidence from several laboratories could support this hypothesis. Colucci et al. (1997) showed multiple single-strand conformational polymorphism (SSCP) mobility shifts in p53 exons in normal human ureter tissues irradiated and cultured for several generations. Preliminary sequencing has shown that these represent multiple and varied small mutations throughout the gene (unpublished data in preparation). Caron et al. (1997) showed similar multiple mutations in the Hprt (hypoxanthine:guanine phosphoribosyltransferase) gene and sequencing showed that these were mainly point mutations and again very varied, even within strictly clonal descendants of the irradiated cells. These data suggest that there is a considerable amount of damage carried by the cells which survive and might support the conclusions of Chang and Little (1992) and Seymour et al. (1986) , among others, that the irradiated cells carry multiple heritable changes which are eventually expressed as delayed reproductive death or lethal chromosomal defects. However, it cannot be as simple as that, because of the non-clonality of the phenomenon; the aberrations, death or mutation often arise in a non-clonal manner as sporadic changes which are clearly capable of expression in any of the surviving progeny. They cannot therefore be assigned to a specific mutation inherited by the progeny, unless this 'mutation' is extremely common and occurs at doses too low to cause any DNA damage in most of the cells which 'see' the irradiation. Several authors have shown the non-clonality pattern (Alper et al, 1988; Chang and Little, 1992; Kadhim etal., 1992; Seymour and Mothersill, 1992; Sabatier et al, 1993; Brown and Trott, 1994) . Taken with the demonstration that the effect is also often detected as a constant rate of increased mutation/death, etc. for many generations (Mendonca et al, 1993; O'Reilly et al, 1994; Jamali and Trott, 1996) , it is more likely to reflect a change in the whole irradiated cell population, which makes accumulation of mutations more likely. It is unclear at present, but obviously important to understand, how this non-clonal effect relates to the clearly clonal genomic instability seen in tumours (Kasten, 1997) . The question remains, therefore, of the nature of the lesion which predisposes to increased mutation, whether clonal or non-clonal. There are two major opinions, which although usually assumed to be mutually exclusive, may not be so. The first postulates a conventional genetic mechanism involving a mutation induced at the time of irradiation in, for example, a mismatch repair gene (Branch et al, 1993) , induction of a mutator phenotype (Loeb, 1991) or a deletion which causes a critical frameshift, (Little et al, 1997) . These theories are seriously damaged by the nonclonality problem. Either there are two distinct mechanisms, one accounting for clonal instability and one for non-clonal instability, or these theories are insufficient. Sectoring of damage in the G2 population is sometimes argued as a mechanism to explain non-clonality within conventional genetic damage mechanisms, but, if anything, genomic instability is more associated with Gl and early S and not G2 (Seymour and Mothersill, 1991; Leonhardt et al, 1998) . It is also hard to explain how the genomic instability phenotype could be so common if caused by a very specific gene mutation, since this might be expected to occur at gene mutation frequencies which are orders of magnitude lower than genomic instability frequencies. Vigorous selection for the mutation is sometimes postulated, but this would result in an increase in the number of cells showing the trait with time, whereas the data shows either a static yield or decreasing yield with time (Seymour et al, 1986; O'Reilly et al, 1994; Manti et al, 1997) . It might be argued that cells carrying the mutation have an initial survival advantage over cells sustaining a similar burden of radiation damage which do not carry the mutation. This hypothesis would predict that at low doses the damage burden and the frequency of the postulated mutation would be low and therefore delayed damage would also be low, while as the dose increased acute cell death would be less than expected in lines showing genomic instability while the delayed instability would increase with dose. Some of the dose-response data for the lethal mutation and other death end-points could support this, since the effect has been shown to increase with dose in some circumstances (O'Reilly et al, 1994; O'Reilly and Mothersill, 1997) . The more common response though is characterized by a pronounced effect at low doses which does not appear to increase with increasing dose. Thus the weight of evidence would argue against genomic instability being caused by a specific mutation induced by the radiation dose. The second suggestion postulates an epigenetic mechanism, for example activation of a damage sensing pathway or membrane damage leading to increased oxy radical generation and oxidative stress (Mendonca et al, 1993; Clutton et al, 1996; Mothersill and Seymour, 1997b; Watson et al, 1997) . Proponents of an epigenetic mechanism suggest two main ideas. One is that radiation induces a permanent change in oxygen radical generation, which leads to persistent oxidative stress and radical damage to DNA. The other theory is that there is some form of damage sensor which is sensitized to perception of damage by the initial radiation exposure and which then responds acutely to succeeding DNA damaging agents by triggering damage responses, such as apoptosis, inappropriately.
Bystander effects and contact effects described over the last few years provide some evidence for perception of a damage signal (Emerit, 1994; Deshpande et al, 1996; Mothersill and Seymour, 1997b) . Delayed effects have been demonstrated following bystander experiments where the cells were in receipt of medium from irradiated cells but were not themselves irradiated (Seymour and Mothersill, 1997) . It might be expected, therefore, that cells in contact would transmit signals to each other which could result in delayed effects in cells which did not receive a dose. Contact experiments using reproductive death as an end-point do show a co-ordinated response and greater than expected reductions in plating efficiency (Mothersill and Seymour, 1997c, 1998; Cummins et al, 1998) , but the effect of contact on delayed as opposed to initial cell death is unclear, as is the role of early and delayed apoptosis in the process. Experiments to assess the effect of contact on other instability end-points are underway in some laboratories, but no clear picture is yet available.
There is better evidence for the oxy radical theory. This comes from experiments using bone marrow stem cells, where increased radical generation can be demonstrated (Clutton et al, 1996) . The same group have recently shown also that there is a genetic predisposition to a-particle-induced instability in bone marrow stem cells in certain mouse strains and that this correlates with oxy radical generation capacity in these mice (Watson et al, 1997) . Other evidence is that genomic instability-type effects can be induced using other agents causing oxidative stress, such as cadmium and nickel (Seymour and Mothersill, 1991; Mothersill etal, 1998) . Reducing agents, such as lactate or inhibitors of oxidative metabolism, prevent generation of delayed effects (Mothersill and Seymour, 1993, and unpublished observations) . Against this, however, are the findings of Limoli et al. (1997) , showing lack of induction of chromosomal instability with hydrogen peroxide but generation of instability with bleomycin. Hydrogen peroxide causes oxidative stress (Valentine et al, 1995) , while bleomycin is thought not to, although it does generate free radicals (Bennett and Reich, 1979) . Possibly this is a key to illuminating mechanisms, since the delayed death end-point was induced by both bleomycin and hydrogen peroxide (Seymour and Mothersill, 1991; Mothersill et al, 1998) . A very interesting question is whether DNA strand breaks, either single or double, are required to initiate the genomic instability phenotype. Early work by Alper et al. (1988) , Chang and Little (1992) , Seymour and Mothersill (1992) and Mothersill and Seymour (1993) strongly suggested that double-strand breaks (DSBs) or their mis-repair was critical. DSB repair-deficient cells showed no lethal mutations and inhibitors of repair also prevented them. Chang and Little (1992) showed that introducing breaks using endonucleases caused induction of the phenotype of delayed reproductive death. However, Limoli et al. (1997) , who introduced breaks using endonucleases at several sites, failed to observe chromosomal instability. They and others have produced instability with bleomycin or other strand breakers and conclude that single-strand breaks are inconsequential but that the quality of the DSB is critical in the eventual induction of instability. We are now of the opinion that DNA breaks (single or double) are required but not sufficient to induce the phenotype. The other factors involved remain to be elucidated. Little et al. (1997) suggest that the discrepancy between his and Morgan's group could suggest that different mechanisms underlie instability and delayed death and that in fact delayed death may not be relevant to instability-related carcinogenesis. We would dispute this, since it is clear that at least some forms of delayed death are due to lethal chromosome aberrations. Delayed apoptosis may represent a different mechanism, but it is one which can be seen as protecting the tissue from establishment of a mutant clone of cells and thus is very important in preventing carcinogenesis. It is very likely, however, that different thresholds would exist for induction of genomic instability and induction of this postulated protective mechanism. Pursuing this idea a little further, one could suggest that escape from delayed apoptosis might be a clonal selection event allowing initiation of carcinogenesis in a field of cells carrying instability type variability in genotype.
